ABSTRACT: The physical orientation of rocky substrate profoundly affects subtidal marine communities of sessile organisms. Anecdotal descriptions of dramatic differences between communities on rock walls and adjacent horizontal rocky bottoms abound in the literature and are common knowledge among scuba divers, yet these differences have rarely been quantified by ecologists. We sampled rock walls and adjacent horizontal rock bottoms at 8 subtidal sites across the Gulf of Maine. Species richness and abundance, in percent cover, of sessile invertebrates on vertical walls averaged 4 times higher than that on horizontal platforms, whereas abundance of macroalgae on horizontal rock was about 3 times that on vertical walls. Both macroalgae and sessile invertebrates were less abundant, particularly on horizontal surfaces, at sites with high sea urchin densities. The consistency of sessile invertebrate domination of vertical walls versus macroalgal domination of horizontal rock, combined with previous experimental results, suggests that competition for space between autotrophic and heterotrophic organisms drives this pattern. The partitioning of autotrophs (macroalgae) and heterotrophs (sessile invertebrates) between horizontal and vertical surfaces respectively implies that topographic heterogeneity plays an important role in the structure, composition and function of rocky subtidal ecosystems.
INTRODUCTION
Topography is a common source of spatial heterogeneity that may profoundly influence species distributions and is often associated with ecological zonation patterns. In terrestrial systems, elevation, slope, and aspect shape plant communities at the landscape scale (e.g. Whittaker 1960 , Clark et al. 1995 , Ohmann & Spies 1998 , and influence the distribution and abundance of animals, particularly small ectotherms (Weiss et al. 1988 , Porter et al. 2002 , Beck & Jennings 2003 . Slope of the shore shapes intertidal community zonation by altering the area of tidal influence, thermal stress, and wave shock (Ricketts et al. 1985 , Denny 1988 , Little & Kitching 1996 , Bertness 1999 . In marine rocky subtidal communities, substrate slope may be a basic determinant of community structure: horizontal rock or gentle slopes are often dominated by macroalgae, while vertical rock walls are covered by epifaunal suspension-feeding invertebrates (reviewed in Witman & Dayton 2001 , Miller & Etter 2008 . This pattern has been observed on rocky subtidal bottoms all over the world (e.g. Eastern Pacific: Pequegnat 1964 , Vance 1988 , Baynes 1999 ; Northwest Atlantic, including the Gulf of Maine: Noble et al. 1976 , Witman & Cooper 1983 , Sebens 1986a ,b, Mathieson et al. 1991 Northeast Atlantic: Lundalv 1971; Caribbean: Bruno & Witman 1996; Mediterranean: Weinberg 1978 , Uriz et al. 1998 New Zealand: Witman & Grange 1998; Australia: Irving & Connell 2002 , Knott et al. 2004 ; Galapagos, Seychelles, South Africa, Palau, Antarctica and Chile: Witman et al. 2004) . The pattern has rarely, however, been quantified (but see Knott et al. 2004) . Quantifying community patterns is necessary to focus attention on, and generate viable hypotheses about the processes that influence patterns of species distribution and abundance (Underwood et al. 2000) .
Despite general observations of dramatic differences in adjacent subtidal communities on vertical and horizontal substrates, the extent of these patterns and the processes that produce them are poorly understood. The processes responsible may include: (1) shading by vertical walls, which negatively affects algal growth and potentially attracts photonegative invertebrate larvae (e.g. Sebens 1986a , Gotelli 1987 , Gili & Coma 1998 , Miller & Etter 2008 ; (2) lack of physical and biological disturbance on walls (Witman & Cooper 1983 , Sebens 1986a , Vance 1988 ; (3) lack of sedimentation on walls, thus freeing suspension feeders from clogged filtration and respiratory systems (Weinberg 1978 , Witman & Sebens 1990 , Irving & Connell 2002 ; and (4) relatively higher food and larval flux to walls due to increased water flow (Leichter & Witman 1997 , Gili & Coma 1998 , Genovese & Witman 1999 . Patches of high invertebrate abundance on walls, once established, may be maintained by enhanced local recruitment of short-lived larvae (Graham & Sebens 1996 , Smith & Witman 1999 . Experiments implicate shading as an important factor shaping the pattern, with competition with algae being the most likely mechanism inhibiting invertebrates on horizontal surfaces (Irving & Connell 2002 , Miller & Etter 2008 ; although physical disturbance (Witman & Cooper 1983 , Miller & Etter 2008 , and urchin grazing, where urchins are abundant (Sebens 1986a) , might also exert strong influences. To establish the generality of this substrateangle pattern, particularly with respect to species richness (but see Knott et al. 2004) , and better identify the forces that might shape them, we need to systematically quantify differences in the structure and composition of epifaunal communities on vertical and horizontal surfaces.
Gradients in the processes shaping the substrate-angle pattern might also generate larger-scale patterns. An example lies in a classic subtidal zonation scheme: the infralittoral zone extends from the low tide mark to the critical depth for photosynthesis, and is dominated by macroalgae, whereas the deeper circalittoral zone is dominated by sessile and mobile invertebrates (Golikov & Scarlato 1968 , Dayton 1975 ). This 'depth emergence' of invertebrates is generally explained as an effect of decreasing light with depth, and a concomitant decrease in macroalgal competitors, combined with decreasing physical disturbance from surface waves with depth (reviewed in Witman & Dayton 2001) . Study of the sharp transitions in processes that occur with changes in substrate angle may lead to a greater understanding of these larger-scale patterns.
To test whether substrate angle affects epifaunal community structure we compared diversity and coverage of subtidal sessile invertebrates on vertical versus horizontal rock surfaces at exposed sites 10 to 12 m deep in the Gulf of Maine (GOM). Based on previous research (cited above), we predicted that diversity and coverage of invertebrates would be greater on vertical surfaces. To test the validity of various processes suggested as possible mechanisms mediating differences between vertical and horizontal surfaces, we compared the relative abundances of sessile invertebrates, macroalgae and grazers. The specific secondary predictions we considered are as follows. (1) Diversity and abundance of sessile invertebrates on both vertical and horizontal surfaces, but particularly the latter, will be lower at sites with higher densities of omnivorous sea urchins (Strongylocentrotus droebachiensis Müller).
(2) Invertebrate diversity on horizontal substrates will be positively related to that on nearby vertical walls, due to restricted dispersal of many sessile invertebrate larvae. We also describe patterns of abundance of other grazers (limpets, chitons) and predators (asteroids) vis-à-vis substrate angle.
MATERIALS AND METHODS
Study sites and sampling. We sampled 8 sites in the GOM (Fig. 1) , all on exposed rocky coasts with abun- ) positioned at random points marked on a 50 m transect tape that was laid out along the first vertical wall encountered. If the wall ended before enough photos were taken, we swam to the next nearest wall and continued. All photos were taken along the vertical midsection of walls. Wall height was not measured, although most were ~1.5 to 3 m high. Horizontal substrate was photographed in the same way with a 50 m tape stretched out in a haphazard direction. 18 to 36 photos per orientation were taken with a Nikonos camera (15 mm lens, Fuji Velvia 50 ASA slide film) mounted on a quadropod (Witman 1987 , Coyer et al. 1999 . Large algae (e.g. kelp blades) were trimmed with shears before photographing if necessary to clear the view of the substrate. Specimens of invertebrates were preserved and identified to confirm photo identifications when necessary. To evaluate whether the presence of low-profile algae was significantly affecting percent cover and diversity estimates of invertebrates on horizontal substrates, we removed all algae by hand from 10 quadrats at the Shag Rocks site and rephotogaphed them for comparison. Diversity and percent cover for these slides was measured as described below.
Because estimates of species richness are dependent on sample size, we analyzed photoquadrats until we reached the asymptote of the species accumulation curve. At the asymptote, comparisons of species richness should be independent of sampling effort. To approximate the asymptote, 18 slides per orientation (vertical and horizontal) were generally sufficient. Photoquadrats were examined under a dissecting microscope and projected on a screen to visually quantify the presence or absence of sessile invertebrates. Species were identified as finely as possible with the aid of voucher specimens and additional close-up photos. When the distinction between 2 possibly separate species was in doubt, they were lumped together to avoid overestimation of richness.
Percent cover was estimated by projecting each slide onto a screen with 100 random dots and assigning what fell under each dot to one of the following categories: crustose coralline algae, Peysonnelia sp. (soft red crustose algae), macroalgae, algal turf, tube complex (consolidated mats of tubes built by amphipods and polychaetes, as described in Sebens 1986a), sessile invertebrates, the mussels Mytilus sp. and Modiolus modiolus Linnaeus, sediment, and bare rock. For analysis, macroalgae and algal turf, which was often intermixed and difficult to separate, was grouped under macroalgae. Mussels were analyzed separately from other sessile invertebrates, due to their typical distribution on horizontal substrates (Witman 1987 Statistical analysis. Species accumulation curves were generated using EstimateS v. 6.0b1 software (Colwell 1997) . Accumulation curves were plotted as both the number of species observed (S obs ) and Chao2, which better estimates true richness for small samples, taking rare species into account, as follows: Chao2 = S obs + (Q 1 ) 2 /2(Q 2 ), where S obs is the number of species observed in the pooled samples, Q 1 is the number of species occurring in only one sample (singletons), and Q 2 is the number occurring in 2 samples (doubletons) (Colwell & Coddington 1994) . Richness (S obs and Chao2) was compared on horizontal versus vertical surfaces using 1-way ANOVA with orientation (horizontal vs. vertical) as a fixed factor. Mantel tests (R v. 2.91.1, www.r-project.org/) were used to test whether the number of species shared between sites was related to the geographic distance separating samples. Beta diversity between sites was compared using 3 metrics: S obs shared, the Bray-Curtis index (Magurran 2004) , and Chao2 shared estimated (estimated number of species shared by first and second samples, Chen et al. 1995) . Distances (km) between all site pairs were calculated using the geodistances program in the R software package (Casgrain & Legendre 2001) .
We explored differences in community structure between sites and orientations using non-metric multidimensional scaling (NMDS) based on the Bray-Curtis distance metric, and with canonical analysis of principal coordinates (CAP), using a permutation test of significance of differences between groups, and the 'leave-one-out' approach to estimate goodness of fit of the groups. Correlation coefficients of the canonical axis with the original taxonomic categories were used to identify the species most influencing the ordination pattern (Anderson & Robinson 2003 , Anderson & Willis 2003 . To compare the multivariate dispersions among groups we used the computer program PERMDISP, which calculates distances from observations to their centroids and compares the average of these distances among groups, using permutation-based ANOVA (Anderson 2004) .
The relationship between invertebrate abundance or diversity and urchin density (prediction 1, above) was tested using nonparametric correlation (Kendall's tau), since the data did not conform to linearity and homoscedasticity assumptions for ordinary least squares regression. Relationships between vertical and hori- zontal sessile invertebrate species richness among sites, and species richness versus percent cover, were explored using least squares regression. Plots of residual versus predicted values were examined to evaluate possible violations of regression assumptions. Grazer densities and percent cover of major space occupiers were analyzed using 2-way ANOVA, with site as a random factor and orientation (vertical vs. horizontal) a fixed factor. Proportion cover data were transformed to logits, calculated as ln[p/(p -1)] (Ramsey & Schafer 2002) , and abundance data were log transformed to homogenize variances for analysis. F-tests were used for planned multiple comparisons of means. The above analyses were carried out using JMP software (v. 5.1 for the Macintosh, SAS Institute).
RESULTS

Invertebrate species richness
Local richness Fifty species were identified in a total of 288 photographs covering 72 m 2 (Table 1) . Vertical walls had, on average, 4 times more sessile invertebrate species than horizontal rock surfaces (Fig. 2) , with species richness ranging from 15 to 31 species (mean 24.8 ± 0.1 SE, n = 8) on vertical walls compared to 3 to 12 species on horizontal rock (mean 6.0 ± 0.3 SE, n = 8). This difference was highly significant whether richness was estimated with S obs or Chao2 (ANOVA, p < 0.001, Table 2 ). Richness on horizontal surfaces was not significantly related to that on vertical surfaces across sites (F 1,6 = 1.39, p = 0.3). Species richness of sessile invertebrates on vertical walls varied parabolically with invertebrate percent cover, such that richness declined when open space was limited (Fig. 3A) . The decline in diversity at high percent cover reflects the dominance of the (likely invasive) compound ascidian Didemnum vexillum Kott at one site, Thrumcap (the only site where this species was present). When Thrumcap was removed, richness was linearly related to percent cover (Fig. 3B) . However, in both cases, percent cover explained less than half of the variation in Curves were generated with EstimateS software (Colwell 1997) Table 2 . ANOVA analyses of species richness of sessile invertebrates, estimated by Chao2 and S obs , by the fixed factor orientation (horizontal vs. vertical) species richness. Observed species richness of horizontal quadrats at Shag Rocks was exactly identical before and after algal removal, indicating that the photographic method used was a good estimator of richness.
Beta diversity
The number of species shared (S obs , Bray-Curtis, or Chao2 estimated) between sites was unrelated to the geographic distances separating the sites for both horizontal and vertical surfaces (e.g. vertical Chao: Mantel statistic r = -0.09, p = 0.6; horizontal Chao: Mantel statistic r = 0.25, p = 0.2). Species composition differed little throughout the GOM, with the most distant sites being similar to adjacent sites (Fig. 4) . The average dissimilarity of vertical surfaces between sites was higher than that of horizontal sites (mean Bray-Curtis distance 39.3 ± 3 SE for vertical walls, 21.4 ± 3 SE for horizontal platforms). Dissimilarity among quadrats within sites was greater than that between different sites (mean betweenquadrat Bray-Curtis dissimilarity distance 50.2 ± 3 SE for vertical walls, 58.1 ± 5 SE for horizontal platforms).
Abundance
Abundance of space occupiers
There was a significant interaction between site and substrate orientation on invertebrate cover (Table 3) . Percentage cover of invertebrates, however, was significantly higher on vertical compared to horizontal surfaces at every site (multiple comparison F-tests, p < 0.0001, Fig. 5) , with only the magnitude of the difference varying between sites. There was no evidence that the algal canopy on horizontal surfaces significantly affected estimates of invertebrate cover where this was tested at Mussel abundance also did not differ with substrate orientation (p = 0.74, Table 3 ). Percent cover of sessile invertebrates was negatively related, albeit weakly, to sea urchin density on horizontal (Kendall's tau = -0.39, p < 0.001) and vertical (Kendall's tau = -0.24, p < 0.001) substrate. On vertical walls, this correlation was driven by the anomalous site Thrumcap, which had high invertebrate cover and low urchin density (Figs. 5 & 6 ). There was no correlation with Thrumcap removed (Kendall's tau = 0.08, p = 0.20). Invertebrate richness was positively correlated with urchin density on vertical walls (Kendall's tau = 0.16, p = 0.01) but not on horizontal platforms (Kendall's tau = 0.07, p = 0.30). This weak positive correlation was again driven by the anomalous site Thrumcap, which had low richness due to high abundance of Didemnum vexillum, and low urchin density (Fig. 6) . With Thrumcap removed, the correlation disappeared (Kendall's tau = 0.003, p = 0.95). 
Community structure
Most invertebrate species (27 out of 50) were found only on vertical walls (Table 2 ). All Bryozoa, 7 out of 12 species of Porifera, and 7 out of 14 tunicate species were confined to walls. Only 2 out 7 cnidarian species were confined to walls. No sessile invertebrate species was found only on horizontal substrate. NMDS ordination of invertebrate species showed a general separation of horizontal and vertical communities (Fig. 7A) . CAP analysis indicated that assemblages on vertical and horizontal substrates were significantly different (Fig. 7B , p = 0.0008 from 9999 permutations). CAP axis values for vertical surfaces averaged 0.2, while horizontal surfaces averaged -0.2; therefore, positive correlation coefficients with the original species data separated vertical plots while negative correlations were associated with horizontal plots. Many native invertebrate species were positively correlated with the CAP axis values, particularly the colonial tunicate Didemnum albidum Verrill and the tubeworm Spirorbis sp. (Fig. 8) . Negatively correlated species that strongly influenced horizontal plots were dominated by invasive colonial tunicates (Didemnum vexillum, Diplosoma sp., and Botrylloides violaceus Oka), and by the sponge Isodictya palmata Ellis & Solander (Fig. 8) . Leave-one-out analysis of the groups (vertical and horizontal) showed high classification accuracy: all siteorientation combinations were correctly classified as vertical or horizontal based on the species present except Thrumcap vertical, which was incorrectly classified as horizontal. This site was heavily dominated by 
Grazer abundance
Density of Strongylocentrotus droebachiensis did not differ with substrate angle (Table 4 , Fig. 6 ), although at the sites with very high urchin densities, Moose Cove and Cutler, urchins were much more abundant on horizontal substrate (Fig. 6 ). Site and orientation interacted to affect densities of all grazers (Table 4) . Chitons and the asteroid Henricia sanguinolenta were the only grazers with patterns of abundance corresponding to substrate angle: both were more abundant on vertical walls at sites where they were common (Table 4, Fig. 6 ).
DISCUSSION
Vertical rock walls in the shallow subtidal Gulf of Maine have both greater abundance and greater species richness of sessile suspension-feeding invertebrates compared to horizontal rock surfaces. This is consistent with previous work at local sites in the GOM where communities of sessile suspension feeders dominated vertical or undercut rock surfaces (Witman & Cooper 1983 , Sebens 1986a . The lack of a relationship between vertical and horizontal invertebrate species richness suggests that most larvae recruiting on horizontal rock do not survive, or that larvae from local rock walls avoid horizontal surfaces. Graham & Sebens (1996) found that the abundance of sessile invertebrate larvae decreased with distance away from rock walls at Shag Rocks. Poor post-recruitment survival on nearby horizontal surfaces is supported by the experimental results of Miller & Etter (2008) , who demonstrated that invertebrate larvae settled on horizontal surfaces near walls, whether these surfaces were shaded or unshaded, but survived better on shaded surfaces. Larval behaviors such as negative phototropism, therefore, may be adaptations to facilitate recruitment to successful parental habitats, rather than selection of new habitats (Miller & Etter 2008) .
The significant interaction between site and orientation (Table 3) reflects the wide variation in the magnitude of the difference between horizontal and vertical surfaces across sites (Fig. 4) . The most anomalous site was Thrumcap, where high invertebrate cover on the horizontal was almost entirely composed of 2 colonial ascidians, Didemnum vexillum and Botrylloides violaceus. The latter invaded the GOM around the 1970s (Berman et al. 1992 , listed incorrectly as B. diegensis Ritter & Forsyth) . D. vexillum is likely an invader from the northwestern Pacific (Stefaniak et al. 2009 , Lambert 2009 , Bullard et al. 2007 , and has been locally abundant around that site since at least 1988 (P. Yund pers. comm.). Both species grow rapidly (R. Miller unpubl. data), often overgrowing other species (Berman et al. 1992 , Bullard et al. 2007 , and B. violaceus was unpalatable to urchins in feeding trials (Simoncini & Miller 2007) . The presence of these competitively dominant species, particularly D. vexillum, which often occupied 100% of a quadrat, caused a hump-shaped relationship between percent cover and species richness (Fig. 3A) . A strong negative influence of a single competitively dominant species on diversity has been found at rock wall sites in South Africa and Australia (Witman et al. 2004) , suggesting that this may be a general phenomenon in sessile invertebrate communities. High abundance of competitive dominants can result from low disturbance frequency, the left tail of the familiar intermediate disturbance relationship (Parvi- Invasibility, conversely, is often facilitated by frequent or severe disturbance, or other processes that result in excess resources (Davis & Pelsor 2001) . Subtidal rock walls have low disturbance frequencies compared to horizontal platforms (Witman & Dayton 2001) . We have no reason to believe that Thrumcap has a disturbance regime that is different from the other sites, all of which were located off exposed rocky headlands. In this case, competitive dominance of these 2 species relative to native species, rather than excess resources created by disturbance, may be responsible for their success as invaders (Thompson 1991) . This hypothesis deserves further examination, and may help explain why these species have invaded the subtidal, while most invasive ascidians are largely restricted to fouling habitats (Osman & Whitlatch 2007) . Species composition of invertebrate communities differed markedly with substrate angle, as shown by NMDS ordination and CAP analysis (Fig. 7) . More than half of invertebrate species recorded were present only on rock walls, and none were present only on horizontal substrates. Horizontal substrates were significantly more variable in species composition (Fig. 7A) , which could be ascribed to the lower abundance of invertebrates on the horizontal; however, this variability may also indicate that horizontally-oriented invertebrate communities may be more variable in space and time than those on vertical walls. Solitary ascidians in general were not more likely to be found on horizontal substrate compared to colonial forms, although 2 solitary species, Molgula citrina DeKay and Dendrodoa carnea Agassiz, were often found on horizontal substrate. Anemones (Cnidaria) were particularly common on horizontal substrates; possibly their ability to move, albeit slowly, enables them to avoid competitive exclusion by fast-growing algae or burial by shifting sediment. The sponge Isodictya palmata was also common on horizontal substrates; its upright morphology may allow this species to shed sediment. However, it is difficult to generalize about which invertebrate species are confined largely to walls. Encrusting species are sometimes thought to be more vulnerable to sedimentation than upright forms (e.g. Jackson 1977 ), but some encrusting colonial tunicates (including the native species Didemnum albidum) were common on horizontal substrate. Abundance of tube complex, mussels, the encrusting algae Peysonnalia sp. and corallines did not differ with substrate angle. Tube complex is a transient assemblage composed of tube-building amphipods and polychaete worms, and its abundance may vary with higher temporal frequency than does disturbance or algal overgrowth on horizontal platforms (Sebens 1986a) . Mussels form extensive beds on horizontal substrates, and depend on grazers to remove overgrowing algae that would otherwise cause dislodgement of mussels in storms (Witman 1987) . Encrusting algae, particularly corallines, can be very resistant to burial by sediment or other organisms (Sebens 1986a , Airoldi 2000 , may benefit from disturbance (Steneck 1982) , and are well adapted to the lowlight conditions on walls by virtue of their encrusting sheet morphology (Steneck 1986 ). However, coralline algae, like sessile invertebrates, are vulnerable to overgrowth by macroalgae, and often rely on grazing or scouring to prevent overgrowth (Steneck 1986 ). Residing on walls may also prevent macroalgal overgrowth of corallines, as is the case for invertebrates (Miller & Etter 2008) . Experimental work on these taxa may provide valuable insights into their relative success on vertical walls compared to other algae. Table 4 . Analysis of variance comparing grazer density (m -2 ) among orientations (fixed: horizontal, vertical) at 8 sites (random). Log transformations were done to equalize variances (Levene's test, p > 0.05). Significant p-values are in bold. MC = multiple comparisons done using F-tests. Inequality signs indicate the direction of significant differences of means between (H) horizontal and (V) vertical substrates at the named sites (for site abbreviations see Fig. 1 ). *p < 0.05, **p < 0.01, ***p < 0.001
Correlation coefficient
The only consumers that showed consistent patterns with substrate orientation were the chitons and the asteroid Henricia sanguinolenta, both of which were more common on vertical walls (Fig. 6) . Chitons graze on coralline and other crustose algae, which were common on vertical surfaces (Fig. 5) . The limpet Tectura testudinalis, which also grazes corallines, was not more abundant on vertical walls. This difference may reflect lower abundance of the coralline Clathromorphum circumscriptum Foslie, T. testudinalis's preferred food (Steneck 1982) on vertical surfaces (Sebens 1986a) , probably due to the high light requirements of this species (Adey 1965) . Coralline communities on GOM walls are typically dominated by the genera Phymatolithon and Lithothamnion (Sebens 1986a) .
The asteroid Henricia sanguinolenta, a suspension feeder, also feeds on sessile invertebrates, especially sponges, ascidians, and bryozoans (Sheild 1990 , Sheild & Witman 1993 . Numerous H. sanguinolenta were observed feeding on invertebrates, particularly the ascidians Aplidium glabrum Verrill and Didemnum albidum, and opening patches of bare space at the centimeter to decimeter scale, suggesting that H. sanguinolenta may be an important space-freeing predator in these communities (R. Miller unpubl. data). H. sanguinolenta was more abundant on vertical walls where its prey species were most abundant. Positioning on a wall may also allow this asteroid to suspension feed more effectively, similar to sessile suspension feeders (Leichter & Witman 1997 ). Suspension feeding is thought to be the main nutritional mode of the genus Henricia, with some species at least supplementing their diet by feeding on invertebrates. Indeed, Henricia often suspension feeds from the tips of erect sponges and bryozoans (reviewed in Sheild 1990) .
The similarity in shared species across our sites, which span nearly the entirety of the GOM, indicates the Gulf can be considered an intact biogeographic region, at least with respect to shallow-water sessile invertebrates. Indeed, sites were more similar to each other, on average, than were quadrats within a given site. This is consistent with the relatively homogenous sea surface temperatures and tidal amplitudes within the Gulf (Schmidt et al. 2008 ). The greater heterogeneity within sites compared to between sites suggest that local interactions might be more important than between-site processes in structuring shallow sessile communities within this region.
Do the data presented here shed light on what mechanisms are most important in shaping the pattern of high invertebrate abundance and diversity on rock walls in the GOM? The factors commonly invoked as important are shading, grazing, sedimentation, physical disturbance, and water flow (reviewed in Witman & Dayton 2001) . Shading likely affects invertebrates via competition for space with algae (Miller & Etter 2008) . Unfortunately, we cannot simply compare algal and invertebrate cover using the same quadrats, since the 2 measurements would necessarily be correlated (for discussion, see Underwood 1997) . It is clear, however, that macroalgae are typically much more abundant on horizontal surfaces (Fig. 5) . The only 2 sites where this pattern is absent are Cutler and Thrumcap. We have discussed the abundance of the colonial invasive ascidian Didemnum vexillum, which commonly overgrows macroalgae (Bullard et al. 2007, R. Miller pers. obs.) on horizontal substrate at Thrumcap. Cutler had the highest urchin densities of any site, and both macroalgae and invertebrates were rare on horizontal surfaces (Fig. 5) . These low abundances of invertebrates and algae were likely due to urchin grazing. Urchin density was negatively correlated with invertebrate cover on horizontal rocky bottoms, suggesting that urchin grazing may be an important factor limiting invertebrates to vertical walls; however this phenomenon may be limited to areas with exceptionally high urchin densities. We have no data on sedimentation, physical disturbance, and water flow to compare between sites, which are all exposed and likely similar hydrodynamically. Nevertheless, vertical walls at 3 sites, Thrumcap, Bunker Point, and Wood Island, had considerably lower richness than the other sites (Fig. 2) . We have discussed the dominance of colonial invasive ascidians driving this pattern at Thrumcap. The other 2 were the only sites outside river mouths: Bunker Point receives outflow from the St. Croix River, while Wood Island is near the mouth of the Saco River. Thus, higher levels of sedimentation and disturbance in the form of variable salinity (Witman & Grange 1998) likely prevail at these sites. Overall, the most consistent pattern among the sites was higher abundance and richness of sessile invertebrates on vertical walls, and the much higher abundance of algae on horizontal platforms.
Communities on rock walls in the GOM are drastically different from those on adjacent horizontal platforms at 10 to 12 meter depth. Walls were dominated (percent cover) by invertebrates and supported 4 times as many species as nearby horizontal platforms. The segregation of algae and invertebrates between horizontal platforms and vertical walls, respectively, was the most consistent difference between these 2 habitats. This strong pattern, combined with experimental work showing that shading of horizontal rock was sufficient to cause a switch to invertebrate-dominated communities (Miller & Etter 2008) , suggests that competition with faster-growing algae and/or the impact of the algal-associated fauna (e.g. micropredators) are the primary mechanisms limiting invertebrates to vertical walls in the GOM. The omnivorous urchin Strongylocentrotus droebachiensis may also play a role where it is abundant by regulating invertebrate cover on horizontal rock. Whatever the mechanisms active at an individual site, substrate angle clearly plays an important role in maintaining diversity of both plants and animals in subtidal communities.
On land, rocky cliffs can be important refuges from anthropogenic disturbance, and may harbor remarkable floral and faunal diversities (reviewed in Larson et al. 2000) . Subtidal rock walls in the GOM are hotspots of sessile invertebrate diversity and abundance. If the enhanced diversity of vertical walls is repeated in other regions of the world's oceans, as suggested by anecdotal evidence (references above), coastal areas with greater topographic complexity are likely to support much more diverse invertebrate assemblages. More importantly, the structure, composition and function of subtidal ecosystems will be influenced by the degree of topographic heterogeneity. 
